Background: We determined whether lower extremity ischemia, as measured by the ankle brachial index (ABI), is associated with impaired lower extremity nerve function.
tistically significant. After adjusting for confounders among nondiabetic participants, those with severe PAD (ABI, Ͻ0.50) had poorer peroneal nerve conduction velocity (NCV) compared with participants without PAD (42.6 vs 44.8 m/s; P=.003) and poorer peroneal NCV compared with participants with mild PAD (42.6 vs 45.0 m/s; P=.001) or moderate PAD (42.6 vs 44.1 m/s; P=.03). Among 224 participants with diabetes, after adjusting for confounders, PAD was associated with poorer peroneal NCV (40.8 vs 43.5 m/s; P=.01), sural nerve amplitude (3.1 vs 4.8 µV; P=.045), and ulnar NCV (47.6 vs 50.2 m/s; P=.03) compared with those without PAD.
Conclusions: Our findings suggest that leg ischemia impairs peroneal nerve function. This association is less strong in patients with diabetes, perhaps because of the overriding influence of diabetes on peripheral nerve function. Clinicians should consider screening for PAD in patients with idiopathic peroneal nerve dysfunction. Peripheral arterial disease-associated nerve dysfunction may contribute to PAD-associated functional impairment.
Arch Intern Med. 2006; 166:1986 -1992 L OWER EXTREMITY PERIPHeral arterial disease (PAD) affects 8 million men and women in the United States. 1 Previous studies have identified impaired lower extremity nerve function in patients with PAD with severe, limb-threatening ischemia. 2, 3 However, most patients with PAD do not develop limb-threatening ischemia. Associations between chronic leg ischemia that is not limb threatening and peripheral nerve function are unclear. 4 The blood supply of lower extremity nerves is potentially affected by PAD. The lumbosacral nerve plexus is supplied by the inferior gluteal artery, and a branch of the popliteal artery supplies the common peroneal nerve. Thus, noncritical lower extremity ischemia may potentially affect lower extremity nerve function. If lower extremity ischemia is associated with peripheral neuropathy, this finding has potential implications for the diagnosis and treatment of peripheral neuropathy. Approximately 15% of Americans 40 years and older have peripheral neuropathy. 5 As many as one third may have idiopathic neuropathy. 6 Peripheral neuropathy causes lower extremity numbness and pain and may contribute to disability. 7 If lower extremity ischemia is associated with impaired lower extremity nerve function, ischemia-associated neuropathy may contribute to the functional impairment and functional decline observed in patients with PAD. 8, 9 To determine associations between noncritical lower extremity ischemia and lower extremity neuropathy, we studied relationships between the ankle brachial index (ABI) and peripheral nerve function among 770 men and women with and without PAD. We hypothesized that lower ABI levels would be associated with greater impairment in lower extremity nerve function. Because diabetes mellitus is known to be associated with neuropathy, analyses were performed separately among participants with and without diabetes. To determine whether the effects of lower extremity ischemia are specific to lower extremity nerve function, we also studied associations between ABI levels and upper extremity nerve function.
METHODS

PARTICIPANT IDENTIFICATION
The protocol was approved by the institutional review boards of Northwestern University Feinberg School of Medicine and Catholic Health Partners Hospitals, Chicago, Ill. Participants gave informed consent. Participants included 368 persons attending their fourth annual follow-up visit in the Walking and Leg Circulation Study (WALCS) 1,2 and 402 individuals newly identified for the present study (WALCS II). Participants were 59 years and older. The PAD participants were identified consecutively from among patients diagnosed with PAD in 3 Chicago-area noninvasive vascular laboratories. Non-PAD participants were identified consecutively from patients with appointments in a large general medicine practice at Northwestern University and from among consecutive patients with normal findings from lower extremity arterial studies in the 3 vascular laboratories. Patients with a normal ABI who had a history of lower extremity revascularization or a previous ABI lower than 0.90 during participation in the WALCS cohort were not included. Our cohort included more PAD than non-PAD participants to meet sample size calculations for WALCS II longitudinal aims, which are beyond the scope of this article. There was no matching of characteristics between PAD and non-PAD participants.
EXCLUSION CRITERIA
Peripheral arterial disease was defined as an ABI lower than 0.90. [8] [9] [10] Absence of PAD was defined as an ABI of 0.90 or higher and 1.30 or lower. 11 An ABI lower than 0.90 is 80% sensitive and 96% specific for angiographically diagnosed PAD. 12 Individuals with an ABI higher than 1.30 were excluded because this indicates poorly compressible leg arteries and inability to gauge arterial perfusion accurately. 11, 13 Patients with dementia were excluded because of their inability to answer questions accurately. Nursing home residents, wheelchair-bound patients, and patients with foot or leg amputations were excluded because they have severely impaired functioning. Non-English-speaking patients were excluded because investigators were not fluent in non-English languages. Patients with recent major surgery were also excluded.
ABI MEASUREMENT AND LEG SYMPTOMS
The ABI was measured using established methods. 8, 9 After participants rested supine for 5 minutes, a handheld Doppler probe (Pocket Dop II; Nicolet Vascular, Golden, Colo) was used to measure systolic pressures in the right brachial, dorsalis pedis, and posterior tibial arteries and the left dorsalis pedis, posterior tibial, and brachial arteries. Each pressure was measured twice. 8, 9 The ABI was calculated in each leg by dividing average pressures in each leg by the average of the 4 brachial pressures. 1, 2 Average brachial pressures in the arm with the highest pressure were used when one brachial pressure was higher than the opposite brachial pressure in both measurement sets and the 2 brachial pressures differed by 10 mm Hg or more in at least 1 measurement set because in such cases subclavian stenosis was possible. 8, 9, 14 The lowest leg ABI was used in analyses.
We used the San Diego claudication questionnaire to measure the presence and type of leg symptoms based on previous studies. 8, 15 
PERIPHERAL NERVE FUNCTION
Electroneurography is considered the gold standard for measurement of peripheral nerve function and has been previously validated for measuring both sensory and motor peripheral nerve function. [16] [17] [18] A previous study showed that the coefficient of variability of sensory and motor nerve conduction velocity (NCV) was 2.2% to 6.7%. 19 In another study, correlation coefficients between nerve conduction studies performed twice during 1 week in 20 patients with diabetes were higher than 0.90 for sensory amplitude of ulnar, median, and sural nerves. 20 Nerve function was measured in both legs by the electrodiagnostic supervisor at Northwestern Memorial Hospital. The technician, certified by the American Association of Electrodiagnostic Technologists, has 30 years of experience in electrodiagnostic testing. The technician was blinded to the participants' history, including presence of diabetes or PAD. Results for the leg with the lowest ABI were used in analyses comparing nerve function between individuals. We selected the peroneal and sural nerves for study because their length increases their susceptibility to arterial obstruction at multiple locations in the lower extremities. The peroneal and sural nerves allowed us to measure both motor and sensory peripheral nerve function. Ulnar motor NCV in 1 randomly selected upper extremity was also measured. The testing room was maintained at 25°C or higher. Surface skin temperature was recorded.
Peroneal NCV (Lower Extremity Motor Nerve Testing)
Surface recording electrodes were placed on the dorsum of the foot, over the belly of the extensor digitorum brevis. Two stimulating bipolar electrodes were placed over the peroneal nerve. The first electrode was placed over the anterior surface of the ankle, 7 cm from the recording electrode. The second electrode was placed behind the knee. A ground electrode was positioned between the recording and stimulating electrodes. A mild electrical impulse was applied that progressively increased until the maximum amplitude was obtained. The time required for electrical impulses to travel from the ankle to the recording electrode (t1) and from the electrode at the fibular head to the recording electrode (t2) were recorded along with the distance between the 2 pairs of electrodes (distance) and the amplitude of the sinusoids (a1 and a2). The NCV was calculated as distance/(t2−t1). Peroneal amplitude was measured from baseline to the negative peak. Peroneal latency was recorded.
Sural Nerve Testing (Lower Extremity Sensory Nerve)
An active recording electrode was placed behind the lateral malleolus. A reference electrode was placed 2 cm distally. By convention, the sural nerve was stimulated 14 cm proximal to the recording electrode, over the posterolateral calf. Sural amplitude and latency were recorded. Sural NCV was calculated from latency data and the distance between the stimulating and recording electrodes.
Ulnar NCV (Upper Extremity Motor Nerve)
The active electrode was placed over the abductor digiti minimi muscle. The reference electrode was placed at the base of the fifth digit. A ground electrode was placed over the dorsum of the hand. The ulnar nerve was stimulated at the wrist and above the elbow. The distance between the 2 stimulation points and the time required for electrical stimulation to travel between these 2 points were used to calculate ulnar motor NCV.
COMORBIDITIES
Algorithms developed for the Women's Health and Aging Study were used to document comorbidities. 21 These algorithms combine data from patient report, physical examination, medical record review, medications, laboratory values, and a primary care physician questionnaire. The comorbidities assessed were diabetes mellitus, angina, myocardial infarction, stroke, heart failure, spinal stenosis, and disk disease. Participants could be classified as having diabetes if they met 1 or more of the following criteria: (1) use of insulin or an oral hypoglycemic agent; (2) the participant's physician reported presence of diabetes mellitus; (3) the participant reported physician-diagnosed diabetes mellitus; and (4) a hemoglobin A 1c level of 10% or higher was identified during medical record review. Participants were classified with spinal stenosis or disk disease if they met 1 or more of the following criteria: documented prior surgery for spinal stenosis (or disk disease), documented hospitalization for spinal stenosis (or disk disease), physician-reported history of spinal stenosis (or disk disease), or current treatment for spinal stenosis (or disk disease). An additional criterion for spinal stenosis was exertional leg symptoms relieved by rest in a patient with a normal ABI.
OTHER MEASURES
Height and weight were measured at the study visit. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. 2 Cigarette smoking history and alcohol consumption were based on self-report. History of lower extremity revascularization was determined based on participant report and confirmed by medical record review or the primary care physician questionnaire.
STATISTICAL ANALYSES
Differences in continuous variables between participants with vs without PAD were evaluated using analyses of variance. Rates for dichotomous variables were compared using 2 tests. Because diabetes mellitus is known to impair nerve function and to be an important risk factor for PAD, all analyses were performed separately among subsets of participants with and without diabetes mellitus. Within groups of PAD participants with and without diabetes mellitus, differences in nerve function across ABI categories were evaluated using multiple linear regression analyses, adjusting for age, race, sex, cigarette smoking, BMI, height, recruitment cohort (WALCS vs WALCS II), alcohol use, and comorbidities likely to confound the association with nerve functioning (disk disease, spinal stenosis, and cardiovascular diseases). For NCV and latency analyses, participants with no response to stimulation were excluded from analyses. The significance of between-group comparisons in dichotomous variable rates was based on logistic regression using dummy variables for ABI categories. Among nondiabetic PAD participants whose right and left leg ABIs differed by 0.20 or higher and lower than 0.20, respectively, differences in lower extremity nerve function were compared between legs with the highest vs lowest ABI levels of the same participant using paired t tests. Analyses were performed using SAS Statistical Software (SAS Inc, Cary, NC). PϽ.05 was considered statistically significant. Table 1 gives the characteristics of the study population. The prevalence of diabetes among PAD partici- Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); PAD, peripheral arterial disease. *Data are given as mean (SD) or percentage unless otherwise specified.
RESULTS
pants was comparable to that of other studies. [22] [23] [24] Compared with participants without PAD, persons with PAD had lower BMI, a greater number of packyears of smoking, more cardiac or cerebrovascular diseases, and a lower prevalence of spinal stenosis (Table 1) . Among nondiabetic participants, those with PAD were older and included a higher prevalence of men compared with those without PAD. Nondiabetic PAD participants had reduced leg skin temperature compared with nondiabetic participants without PAD (Table 1 ). There were no differences in upper extremity skin temperature between PAD and non-PAD participants. There were no significant differences in upper or lower extremity nerve function among persons with vs without spinal stenosis or disk disease (data not shown). Table 2 gives the associations between presence vs absence of diabetes mellitus and nerve function within the entire cohort, adjusting for age, sex, race, BMI, smoking, comorbidities, recruitment cohort, height, alcohol consumption, lower extremity revascularization, and ABI. Participants with diabetes had poorer performance in all measures of nerve function compared with those without diabetes.
NERVE FUNCTION
Diabetic vs Nondiabetic Participants
PAD vs Non-PAD Participants Without Diabetes
In unadjusted analyses of participants without diabetes mellitus, PAD participants had poorer performance in most nerve outcomes compared with participants without PAD ( Table 3 ). After adjusting for confounders, there were no significant differences in lower or upper extremity nerve function between PAD vs non-PAD participants without diabetes (Table 3) .
PAD vs Non-PAD Participants With Diabetes
Among participants with diabetes mellitus, PAD participants had lower peroneal NCV, sural nerve amplitude, and ulnar NCV compared with participants without PAD, after adjusting for confounders (Table 3) . Results for participants with diabetes did not substantially change after additional adjustment for the number of diabetes medications taken (data not shown). The results listed in Table 3 did not change substantially after additional adjustment for limb temperature (data not shown).
INTERACTION BETWEEN DIABETES AND PAD ON NERVE FUNCTION
In tests for interactions between diabetes and PAD on nerve function, significant interactions were observed for diabetes and PAD on ulnar NCV (P= .04) and ulnar sensory latency (P= .007). No other significant interactions were observed. Table 4 gives nerve function by ABI category among PAD participants, fully adjusting for confounders. Among nondiabetic participants with an ABI lower than 0.90, lower ABI values were associated with lower peroneal NCV and lower peroneal amplitude (Table 4 ). Among nondiabetic participants, those with severe PAD (ABI, Ͻ0.50) had lower peroneal NCV compared with participants with moderate PAD (ABI, 0.50 to Ͻ0.70) (P = .03) and participants with mild PAD (ABI, 0.70 to Ͻ0.90) (P = .001). In separate fully adjusted analyses including both PAD and non-PAD participants, participants with an ABI lower than 0.50 had significantly poorer peroneal NCV compared with participants without PAD (ABI, 0.90 to 1.30) (42.6 vs 44.8 m/s, P = .003). The results given in Table 4 did not change substantially after additional adjustment for limb temperature (data not shown).
SEVERE ISCHEMIA IS ASSOCIATED WITH REDUCED PERONEAL NERVE FUNCTION IN NONDIABETIC PARTICIPANTS
NERVE FUNCTION IN PAD PARTICIPANTS WITH DISCREPANCIES IN THE RIGHT VS LEFT LEG ABI
Nerve function was compared between legs with higher vs lower ABI levels among nondiabetic PAD participants with differences in ABI of 0.20 or higher between the right and left legs. The leg with lower ABI had slower peroneal NCV and lower peroneal nerve amplitude compared with the higher leg ABI ( Table 5 ). Among nondiabetic PAD participants whose left and right leg ABI values differed by less than 0.20, there were no differences in nerve function between the leg with the higher vs lower ABI (data not shown). COMMENT Previous studies have been inconclusive regarding associations between chronic lower extremity ischemia and lower extremity nerve function. [25] [26] [27] Among 546 nondiabetic participants, those with severe leg ischemia (ABI, Ͻ0.50) had significantly poorer peroneal nerve function compared with participants with no PAD, mild PAD (ABI 0.70 to Ͻ0.90), or moderate PAD (ABI, 0.50 to Ͻ0.70). Among nondiabetic PAD participants with left vs right leg ABI discrepancies of 0.20 or greater, peroneal NCV and amplitude were significantly lower in the leg with lower ABI. These latter data provide additional evidence for a direct detrimental effect of lower extremity ischemia on peroneal nerve function, since the potential problem of incomplete adjustment for confounding variables should be eliminated by comparing legs in the same participant. These findings support the hypothesis that severe lower extremity ischemia exerts a direct negative effect on peroneal nerve function among nondiabetic men and women.
We observed no significant associations between ABI and sural or ulnar nerve function in nondiabetic participants. The absence of association between ABI and ulnar nerve function was anticipated because the ABI does not reflect blood supply to the upper extremities. It is unclear why there was not an association between the ABI and sural nerve function. One possibility is that the sural nerve benefits from collateral blood supply to a greater degree compared with the peroneal nerve.
Among diabetic participants, our findings showing poorer nerve function in both lower and upper extremi-ties among PAD compared with non-PAD participants argue against a direct adverse effect of lower extremity ischemia on lower extremity nerve function in persons with diabetes. Among diabetic participants, the lack of association between severe ischemia (ABI, Ͻ0.50) and reduced lower extremity nerve function also suggests that lower extremity ischemia does not exert a clinically meaningful effect on lower extremity nerve function among the patients with diabetes. The adverse effects of diabetes may override adverse effects of lower extremity ischemia on nerve function.
Prior studies regarding PAD and lower extremity nerve function have been conflicting. [25] [26] [27] Chopra and Hurwitz 25, 26 studied nerve conduction in the median, ulnar, peroneal, and femoral nerves in persons with and without PAD. Compared with non-PAD participants, only the median sensory nerve amplitude was slightly reduced in the PAD participants. 25, 26 Weber and Ziegler 27 performed electrodiagnostic testing of the peroneal, posterior tibial, and sural nerves in 44 participants with PAD (7 legs with pain at rest and 37 legs with intermittent claudication) and 37 participants without PAD. Peroneal and tibial nerve function, but not sural nerve function, were lower in the legs with PAD and intermittent claudication compared with the controls. 27 The most severe findings were observed in the legs of PAD patients with pain at rest. Finally, Teunissen et al 28 compared median, tibial, and sural nerve function between 97 nondiabetic patients with PAD and 96 nondiabetic controls, matched by age and sex. Median nerve motor NCV, tibial nerve motor NCV, minimal F-wave and M-wave latencies of the median nerve, and sural nerve amplitude were worse in PAD patients than in controls. How- Abbreviations: ms, milliseconds; NCV, nerve conduction velocity; PAD, peripheral arterial disease. *Unadjusted data are given as mean (SD) unless otherwise specified. †Adjusted for age, sex, body mass index, race, cigarette smoking, comorbidities, height, alcohol consumption, recruitment cohort, lower extremity revascularization. Adjusted data are given as mean (SE) unless otherwise specified. ever, there were no differences in median motor nerve latency or action potential, median sensory NCV or amplitude, tibial nerve latency, tibial nerve action potential, tibial minimal F-wave and M-wave latencies, or sural NCV between participants with vs without PAD. The study by Teunissen et al 28 is limited by lack of statistical adjustment for differences in atherosclerotic risk factors and other potential confounders between the PAD and control participants.
Many prior studies of PAD and lower extremity nerve function have included small numbers of participants and have not statistically adjusted for potential confounders. This latter characteristic is important because the data reported herein showed that adjustment for confounders eliminated all significant differences in nerve function be-tween nondiabetic participants with vs without PAD. To our knowledge, our study is the largest to compare electrodiagnostic testing results between patients with noncritical lower extremity ischemia and those without PAD, and no other studies have assessed associations between nerve function and the ABI among PAD participants.
Our study has limitations. First, the associations reported herein between lower ABI levels and greater impairment in nerve function cannot be concluded as causal. Evidence supporting causality includes substantiation of temporality, biological plausibility, consistency of findings, evidence for dose response (ie, in this case more severe ischemia being associated with more severe deficits in nerve function), coherence of data, and strength of the Abbreviations: ABI, ankle brachial index; ms, millisecond; NCV, nerve conduction velocity; PAD, peripheral arterial disease. *Participants without response to stimulation were considered to have a "zero" value for amplitude but were considered to have missing data for NCV and latency analyses.
association. Only some of this evidence is available from the present study. Second, we did not collect fasting glucose levels. Some nondiabetic participants may have been misclassified with regard to their diabetes status. Third, non-PAD participants were recruited from Chicago medical centers and may have had more comorbid illnesses compared with typical age-matched Chicagoans outside of medical centers. This characteristic of our control population may have affected comparisons between the PAD and non-PAD populations. Fourth, we did not collect data on the anatomic location of lower extremity arterial obstruction.
Our data are consistent with the hypothesis that severe lower extremity arterial ischemia in patients without critical limb ischemia contributes to impaired peroneal nerve function in older men and women. Clinicians should consider screening for PAD in patients with idiopathic peroneal nerve dysfunction. Further study is needed to determine whether poorer peripheral nerve function in persons with PAD contributes to PAD-associated functional impairment. If peripheral neuropathy is part of the causal pathway between PAD and disability, then peripheral neuropathy may be a new potential treatment target for persons with PAD. 
